BACKGROUND: Fetal alcohol syndrome (FAS) is caused by maternal alcohol consumption during pregnancy; although additional factors might be involved, as development and severity are not directly related to alcohol intake. The abnormal glycosylation caused by alcohol might play a role in FAS according to the clinical similarities shared with congenital disorders of glycosylation (CDG). Thus, mutations underlying CDG, affecting genes involved in glycosylation, could also be involved in FAS. METHODS: A panel of 74 genes involved in N-glycosylation was sequenced in 25 FAS patients and 20 controls with prenatal alcohol exposure. Transferrin glycoforms were evaluated by HPLC. RESULTS: Rare (minor allele frequencyo0.009) missense/ splice site variants were more frequent in FAS than controls (84% vs. 50%; P = 0.034, odds ratio: 5.25, 95% confidence interval: 1.3-20.9). Remarkably, three patients, but no controls, carried variants with functional effects identified in CDG patients. Moreover, the patient with the most severe clinical phenotype was the only one carrying two variants with functional effects. Family studies support that the combination of a genetic defect and alcohol consumption during pregnancy might have a role in FAS development. CONCLUSIONS: Our study supports that the rare variants of genes involved in N-glycosylation could play a role in the development and severity of FAS under prenatal alcohol exposure.
RESULTS: Rare (minor allele frequencyo0.009) missense/ splice site variants were more frequent in FAS than controls (84% vs. 50%; P = 0.034, odds ratio: 5.25, 95% confidence interval: 1.3-20.9). Remarkably, three patients, but no controls, carried variants with functional effects identified in CDG patients. Moreover, the patient with the most severe clinical phenotype was the only one carrying two variants with functional effects. Family studies support that the combination of a genetic defect and alcohol consumption during pregnancy might have a role in FAS development. CONCLUSIONS: Our study supports that the rare variants of genes involved in N-glycosylation could play a role in the development and severity of FAS under prenatal alcohol exposure.
F
etal alcohol spectrum disorders (FASDs) include all syndromes resulting from prenatal alcohol exposure (1) (2) (3) (4) . The term fetal alcohol syndrome (FAS) is used to name the most severe disorder of this spectrum with different birth defects: cranio-facial abnormalities, growth deficiencies, and central nervous system problems (5) . The phenotype depends basically on the timing and the level of alcohol exposure, with the most serious consequences in those fetuses exposed to high concentrations during the initial weeks of pregnancy (6) (7) (8) (9) ; however, additional factors may be involved as some exposed pregnancies develop FAS, whereas others do not, and the severity of patients is highly heterogeneous. The estimated prevalence of FAS is 1-3/1,000 live births and constitutes the principal cause of non-inherited mental disability (6, 7, 10, 11) .
Diverse pathophysiological mechanisms have been proposed to underlie FAS, but none of them completely clarifies this disorder. Recently, a new pathogenetic model suggests that glycosylation defects underlie FAS based on the interference of alcoholism in the glycosylation (12,13), a major post-translational modification (14) , and the overlapping clinical presentations of FAS and congenital disorders of glycosylation (CDG) (15) . CDG comprises a broad range of rare and mostly severe genetic diseases with multisystem clinical presentations caused by biallelic mutations in genes involved in glycosylation (16) .
A new mechanism of hypoglycosylation has been proposed after the identification of patients with transient disorders of glycosylation: the combination of single genetic defects in genes involved in N-glycosylation and alcohol intake (17) . The aim of this study was to evaluate whether this mechanism might also underlie FAS.
METHODS

Subjects
The study included 25 patients with FAS meeting the 4-Digit Code (18) and/or the Revised Institute of Medicine criteria for clinical diagnosis (2), retrospectively recruited from the Medical Genetics & Dysmorphology Unit (Hospital Clínico Universitario Virgen de la Arrixaca, Murcia, Spain) and Clinical Genetics Unit (Hospital Vall d´Hebron, Barcelona, Spain). Comprehensive clinical evaluation was performed to exclude other syndromic conditions (phenocopies). Available family members of probands were also studied.
As controls, 20 healthy children with documented prenatal alcohol exposure in utero by fatty acid ethyl ester testing in meconium with ethylglucuronide values between 0.5 and 1.5 nmol/g, but with completely normal development and without any clinical feature of Articles | de la Morena-Barrio et al. 
AD, anxiety disorder; ADHD, attention deficit hyperactivity disorder; MRI, magnetic resonance imaging; AED, autism spectrum disorder; CNS, central nervous system involvement; DMDD, disruptive mood dysregulation disorder; ED, enuresis disorder; ID, intellectual disability; IQ, intelligence quotient; LD, learning disorder; ND, not determined; ND-PAE, neurobehavioral disorder associated with prenatal alcohol exposure; p, percentile; VUR, vesicoureteral reflux.
FAS were recruited from Unitat de Recerca Infància I Entorn (Institut Hospital del Mar d'Investigaciones Mèdiques, Barcelona, Spain). Moreover, 392 healthy Spanish blood donors (41.4 ± 13.1 years, 52% male) and 12 PMM2-CDG patients, the most frequent CDG, were also enrolled in this study. The demographic, clinical, laboratory, and genetic features of these PMM2-CDG patients are described elsewhere (19) .
The study was approved by the Hospital Virgen de la Arrixaca Ethic Committee. All patients or their relatives and controls provided written informed consent.
Analysis of Plasma Glycoforms and Antithrombin Activity SDS-PAGE and western blot analysis of plasma proteins (antithrombin, α1-antitrypsin, and transferrin) were performed as described (20) . Plasma transferrin glycoforms were also quantified by HPLC (21, 22) . Antithrombin activity, significantly decreased in most Nglycosylation defects (23), was determined by using a chromogenic method (24) .
Genetic Analysis
Genomic DNA was purified from peripheral blood; purity was assessed using Nanodrop 2000 (Nanodrop Technologies, Nanodrop, Madrid, Spain) and the concentration level determined by fluorometric methods using Qubit 3.0 (Invitrogen, Madrid, Spain).
In FAS patients, 22q11.2 deletion/duplication was evaluated by multiplex ligation-dependent probe amplification (MLPA) with "high density" 22q11 probemix (P250-B1; MRC-Holland, Amsterdam, the Netherlands) as described (1) . Confirmation of 22q11.2 microdeletion was performed by fluorescence in situ hybridization using Vysis LSI TUPLE 1 probe (Abbott Laboratories, Madrid, Spain). Comparative genomic hybridization was performed with Agilent 60K oligo array (Agilent Technologies) using a reference genomic DNA male (Promega, Madrid, Spain). Microarray data were extracted and visualized using Feature Extraction software v10.1 and Genomic Workbench software v6.5 (Agilent Technologies, Madrid, Spain).
The protein-coding exons and intron-exon boundaries of 74 genes involved in the N-glycosylation (Supplementary Table S1 online) were sequenced by DNA target capture followed by Ion PGM sequencing. Torrent Suite v5.0.2 software (Madrid, Spain) was used for analysis. Genetic variants were identified using Variant Caller 5.0.2.1 software (Madrid, Spain) using default settings (germline & low stringency). VCF file for each sample was transferred and variants were annotated using Ion Reporter 5.0 (Madrid, Spain).
The association with FAS of variants and the odds ratio (OR) calculation was assessed by individual-variant testing carried out with Fisher's exact probability test. The number of variants in controls and patients were compared by Student's t-test, considering statistical significance Po0.05.
RESULTS
The clinical and demographic characteristics of patients with FAS (n = 25) are shown in Table 1 .
Sequence metrics were similar among patients and controls (Supplementary Table S2 ). The number of single-nucleotide variations (SNVs) in patients and controls was nearly similar (163.1 ± 21.8 and 171.5 ± 3.5, respectively). Common variants (with minor allele frequency (MAF)40.09 according to data of the 5000 exomes -https://evs.gs.washington.edu/EVS/-) constituted the main source of genetic variation in patients (90%) and controls (96%). However, the number of rare variants (MAFo0.009) per subject was higher in patients than in controls (1.92 ± 1.4 vs. 0.65 ± 0.67, respectively, P = 0.001).
The search for potential pathological variants was initially restricted to those mutations with functional consequences on enzymes involved in N-glycosylation that were identified in CDG patients. Interestingly, three FAS patients carried four mutations affecting PMM2 and ALG6 (Table 2) (25-28). Control 13 carried a mutation previously described in one CDG patient, but with unknown functional effect ( Table 2 ) (29).
Then we searched for rare variants affecting any of the 19 genes already involved in CDG with potential deleterious consequences according to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar). Fifteen FAS patients and three controls presented SNVs with these features (OR = 8.5, 95% confidence interval (CI): 2.3-36.8; P = 0.002) ( Table 3) . Noteworthy, four rare variants (ALG2 p.Gly6Ala, MPI p.Thr350Met, PGM1 rs77043134, and ALG8 p.Arg268Gln) were recurrently identified in two different unrelated patients, but were not found in any controls (Table 3) .
Finally, when the analysis was performed with rare SNVs affecting genes not previously associated with CDG but involved in N-glycosylation, 24 variants in 14 FAS patients and 9 variants in 7 controls were identified ( Table 4) .
All SNVs identified in this study were in heterozygosis state, except for p.Ala28Pro in DPM3 carried by Control 6, which argued against any potential functional consequence for this SNV.
Taken together, 21 FAS patients (84%) as compared to only 10 controls (50%) carried rare SNVs affecting genes potentially involved in N-glycosylation (OR: 5.25, 95% CI: 1.3-20.9; P = 0.034) ( Table 1) . Interestingly, the four patients without rare variants in genes related to the N- glycosylation had only suspicion of prenatal alcohol exposition ( Table 1) .
Especially interesting was FAS-1, a patient carrying two functional variants identified previously in CDG patients. The PMM2 p.Phe207Ser variant strongly impairs the phosphomannomutase activity (27) and ALG6 p.Tyr131His also has an important functional effect on the alpha-1,3-glucosyltransferase enzymatic activity (28) . In addition, FAS-1 also carried three other rare SNVs affecting genes involved in Nglycosylation: DOLK p.Tyr360Cys, RPN1 p.His238Tyr, and PMM1 p.Ala5Ser with unknown functional consequences ( Table 1 ). The diagnosis of CDG was ruled out in FAS-1 by his normal antithrombin activity (98%) and HPLC transferrin glycoform profile (Figure 1a) . Interestingly, FAS-1 has the most severe clinical phenotype in our cohort. The child was born at 33 weeks of gestation by cesarean-section because of abruptio placenta. He had a birth weight of 1,620 g (−1.19 standard deviation score (SDS)), length of 37 cm (−3.89 SDS), and orbital frontal cortex (OFC) of 30 cm (−0.08 SDS). APGAR score was 5/8. At birth, dysmorphic features (including posterior cleft palate) and punctate epiphyseal calcifications were detected. Failure to thrive was present, and he required nasogastric tube feeding until 17 months of age. His psychomotor development was disabled. He sat up at 20 months of age, walked independently at 4 years, and language was retarded. He showed low school performance due to his intellectual disability (IQ: 57) and hyperactivity. He had transient conductive hypoacusia treated by grommets insertion in infancy. Cardiac evaluation by echocardiography was normal. Ophthalmological evaluation showed blepharophimosis and myopia. CT scan showed corpus callosum dysgenesis and dysmorphic ventricles. Skeletal survey in adolescence did not show any calcification; hypoplasia of the 2nd phalange of the 3rd and 5th fingers was observed. Conventional karyotype was normal (46, XY). 22q11.2 microdeletion was ruled out, and a 60K CGH array did not identify any pathogenic copy number variation. Hematology, routine biochemistry, blood clotting analysis, red blood cell plasmalogens, and plasma sterol levels were normal. The patient is currently 18 years old. His weight is 35.5 kg (−3.1 SDS), height is 146 cm (−4.98 SDS), and OFC 49.5 cm (−4.47 SDS). He has microcephaly, blepharophimosis, broad nasal root with flattened nose, long philtrum, thin upper lip, dysplastic and low-set auricles, dental malocclusion, repaired posterior cleft palate, bilateral fifth finger clinodactyly, and third finger camptodactyly (Figure 1b) .
Family studies in relatives of FAS-1 rendered very interesting results (Figure 1c) . The mother, who is now fully rehabilitated, started drinking alcohol after having been fired from work when she was 29 years old, and according to her declaration, consumed high proportions of alcohol (80 − 100 g/day) during the last three pregnancies. Two of these children, the proband and one brother developed FAS (Figure 1c) . Genetic analysis in available samples revealed the PMM2 p.Phe207Ser variant in three siblings and the ALG6 p.Tyr131His in the mother and one sister. Interestingly, the sister with both functional variants did not develop FAS as her embryonic development had not been exposed to alcohol exposition ( Figure 1c) . Of note, two additional pregnancies under alcohol addiction of the mother rendered one additional FAS, but also a healthy girl (Figure 1c) . Unfortunately, these subjects were not available for genetic studies.
DISCUSSION
The broad and multisystem dysfunction caused by defective N-glycosylation genes explains why CDG patients are usually diagnosed in infancy and have severe clinical manifestations (16) . On the other hand, diagnosis of CDG is relatively simple. The identification of increased levels of hypoglycosylated forms of multiple proteins (the golden standard is transferrin) allows a secure diagnosis, to be confirmed by sequencing candidate genes (30) . The absence of these hypoglycosylated proteins has been the main reason to exclude FAS as another CDG, although both disorders share clinical features. However, the perspective in the field of CDG has noticeably changed after the identification of CDG-like patients, adults without psychomotor disability, heterozygous for an N-glycosylation defect, and showing transient hypoglycosylation (17) . The complete deficiency of PMM2 has deleterious consequences usually causing embryonic lethality (31) . Biallelic mutations in N-glycosylation genes associated with residual functional activity underlie classical CDG (16) . However, a single functional mutation of this pathway is not enough to impair the correct glycosylation of proteins, as demonstrated in CDG parents (20) . Why did CDG-like patients carrying only one mutation have transitory hypoglycosylation? We hypothesized that an acquired factor also affecting the same pathway might exacerbate the genetic defect. Alcohol consumption is an excellent candidate not only because it was shared by all CDG-like patients with transitory hypoglycosylation identified in our study (17) , but also because there is strong evidence for a deleterious defect of alcohol in N-glycosylation (13). We, therefore, proposed that the provisions of N-glycan precursors required to fully glycosylate N-glycoproteins are insufficient in carriers of a single functional mutation under alcohol exposition, hence leading to hypoglycosylation. We speculated that this mechanism might be involved in FAS. The higher frequency of rare variants, particularly those with well-known functional consequences, of genes involved in N-glycosylation identified in FAS patients compared with controls, also exposed to alcohol, supports our hypothesis and suggests that this combination, through the potentially associated hypoglycosylation, might contribute to the disease. Moreover, our study has identified other genetic variants in genes involved in the N-glycosylation pathway that according to our hypothesis might have functional effects, which must be validated by further studies. This study supplies new evidences on the relevance of genetic-environmental interactions on the development of different disorders. Different environmental factors may trigger the pathogenic consequences of genetic variants for many proteins. Temperature sensitive and conformational mutations are excellent examples (32) . We suggest here a new mechanism of genetic-environmental interaction in determinism of FAS, as the defect caused by the genetic variation might reach pathogenic consequences by the synergistic effect of the environmental factor (alcohol). Our study also explains why CDG-like patients showed no typical CDG clinical manifestations. We propose that a functional mutation affecting N-glycosylation, combined with exposition to alcohol, will cause hypoglycosylation similar to that caused by two mutations in genes involved in Nglycosylation in classical CDG. Once the baby is born, the exposure to alcohol and, thus, the hypoglycosylation also disappears, but not the clinical consequences of the hypoglycosylation during embryogenesis. In contrast, the embryonic development of adults with CDG-like disorders is completely normal because the impaired glycosylation only happens during adulthood, when exposed to alcohol.
In addition, although our study is small and must be validated in larger studies, our data also suggest that the accumulation of functional variants affecting different Nglycosylation genes might modulate the strength of the glycosylation defect, and hence the severity of the FAS phenotype. The best example is patient 1, with two functional variants in different genes. The fact that none of the proteins analyzed (antithrombin, alpha1-antitrypsin, or transferrin) have hypoglycosylated forms (Figure 1) supports that the combination of these two genetic defects by themselves does not cause glycosylation defects, probably because they affect different genes. According to our hypothesis, the combination with alcohol might cross the threshold to cause glycosylation defects. In this particular patient, the alcohol susceptibility might be higher than in the others just because of the two functional variants. In fact, this patient is the one with the most severe clinical picture as it is described in Table 1 . Nevertheless, it could be interesting to analyze LLO and/or cell glycosylation in more detail in this patient. Our study supports the hypothesis that rare variants affecting N-glycosylation genes might increase the risk of FAS when the mother consumed alcohol during pregnancy. Further studies are required to substantiate this hypothesis. It is essential to demonstrate the functional consequences of variants identified in our study, and the hypoglycosylation that might happen in fetuses with one functional variant when exposed to alcohol. Moreover, it is necessary to clarify whether the magnitude of the hypoglycosylation, which may be related to the dose of alcohol or the time exposed to alcohol and the functional consequences of the genetic profile of this pathway, could define the severity of the clinical manifestations in FAS patients.
Finally, the identification of functional variants in genes involved in the N-glycosylation pathway has been restricted to the analysis of known CDG patients. Our study may also assist to identify new functional variants in genes involved in the N-glycosylation pathway. The four rare variants with unknown functional effect identified recurrently in FAS patients, but not in controls are ideal candidates to be explored in further studies.
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